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Electroceramics are advanced materials whose properties 
and applications depend on the close control of structure, com- 
position, ceramic texture, dopants and dopant (or defect) dis- 
tribution. Impedance spectroscopy is a powerful technique for 
unravelling the complexities of such materials, which functions 
by utilizing the different frequency dependences of the constit- 
uent components for their separation. Thus, electrical inhomo- 
geneities in ceramic electrolytes, electrode/electrolyte inter- 
faces, surface layers on glasses, ferroelectricity, positive 
temperature coefficient of resistance behavior and even ferri- 
magnetism can all be probed, successfully, using this tech- 
nique. 

1. Introduction 

Electroceramics are high technology materials whose 
properties and hence, applications depend on a complex in- 
terplay of structural, processing and compositional vari- 
ables. The particular property of interest may be a bulk 
property of the crystals, in which case, fully dense ceramics 
free from grain boundary phases are desired. Good examples 
of this are ceramic electrolytes such as Na 8-alumina, Na,O. - 8A1,03, used as an Na@ ion conducting membrane in 
Na/S batteries“] and yttria-stabilized zirconia, 0.9 ZrO,. 
0.1Y,03, used as an oxide ion conducting membrane in 
solid oxide fuel cells and oxygen sensors.[21 

Alternatively, the property of interest may relate specifi- 
cally to the grain boundaries in polycrystalline materials and 
perhaps, to differences in behavior between bulk and grain 
boundary regions. Good examples are varistors, ceramic 
materials that do not obey Ohm’s law.[31 These are usually 
zinc oxide ceramics in which dopants such as Bi segregate to 
the grain boundaries. Instead of a linear, Z/V, Ohm’s law 
response, the current is given by I CL V” where “a” is typically 
in the range 5-50. Because of the dramatic increase in cur- 
rent with voltage, varistors are used in voltage surge protec- 
tion devices. Varistor action is far from completely under- 
stood but is, undoubtedly, associated with the grain 
boundary regions of the ceramic. 
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In order to characterize the microstructures and properties 
of electroceramics, techniques are required that can probe or 
distinguish between the different regions of a ceramic. Elec- 
tron microscopy with an analytical facility is, of course, the 
most direct method fo r both microstructural characteriza- 
tion and for determining compositional variations within a 
solid. Corresponding measurements of microscopic electri- 
cal properties are possible in principle, as shown by the ele- 
gant work of Dimos et al. on the effect of grain orientation 
mismatch on critical current densities in ceramic supercon- 
duc tor~ . [~]  Such measurements with miniature electrodes are 
not easy, however. Decoration techniques such as cathodo- 
luminescence have been developed for direct observation of 
grain boundary potential barriers‘’]; these permit electrically 
active grain boundaries to be seen although their properties 
are not actually measured. 

An alternative technique for measuring electrical proper- 
ties is impedance spectroscopy.t61 In this, AC impedance 
measurements are made over a wide range of frequencies and 
the different regions of the material are characterized ac- 
cording to their electrical relaxation times or time constants. 
Impedance spectroscopy is relatively easy to use and is appli- 
cable to a wide variety of materials and problems. It has 
undergone major developments recently with the availability 
of automatic equipment capable of spanning many decades 
of frequency in a single sweep. Long gone are the days of 
balancing R and C (or L) circuits using null methods, where 
it could take several minutes to obtain a single reading. 

The main purpose of this review is to show the usefulness 
of impedance spectroscopy for the characterization of elec- 
troceramics. It is fast becoming an essential technique in the 
development of new and improved materials. This is primar- 
ily because it enables the overall electrical properties of a 
material to be separated into their component parts, which 
can then be systematically studied or modified. 

2. Impedance Spectroscopy 

2.1. Theory 

In impedance spectroscopy, the impedance of a sample is 
measured over a wide range of frequency, typically lo-’ to 
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lo7 Hz. Impedances usually have both resistive and reactive 
(capacitive/inductive) components, both of which must be 
determined. This can be achieved in various ways; one is to 
apply an alternating voltage across a sample and a standard 
resistor which are in series. The in- and out-of-phase compo- 
nents of the voltage across the sample are then measured. 
Dividing these components by the magnitude of the current 
gives the resistive and reactive components of the 
impedance. The measurements are repeated as a step-wise 
function of frequency. 

Different regions of a ceramic sample are characterized by 
a resistance and a capacitance, usually placed in parallel. The 
characteristic relaxation time or time constant, 2, of each 
‘parallel RC element’ is given by the product of R and C 
(Equation 1). 

In the frequency domain, RC elements are separable due 
to the relation shown in Equation 2 which holds at the fre- 
quency of maximum loss, om,, , in the impedance spectrum. 
From the impedance spectrum, it is therefore usually possi- 
ble to identify different RC elements and assign them to 
appropriate regions of the sample. The values of the individ- 
ual R and C components may then be quantified. Let us now 
see some practical examples of data and their interpretation. 

A common type of impedance spectrum for electroceram- 
ics shows the presence of two distinct features attributable to 

intragrain, or bulk and intergrain, or grain boundary re- 
gions. A typical case is shown in Figure 1 a for the oxide ion 
conductor Ca,,A1,,0,, .[’I Impedance data are presented in 
the form of imaginary, Z” (capacitive) against real, 2’ (resis- 
tive) impedances. Each parallel RC element (two in Fig. 1) 
gives rise to a semicircle (ideally) from which the component 
R and C values may be extracted. R values are obtained from 
the intercepts on the Z’ axis, as shown; Cvalues are obtained 
by applying Equation 2 to the frequency at the maximum of 
each semicircle. In this particular case, the two capacitance 
values are determined to be - 1 x F and 4 x lo-’ F 
and the corresponding resistances 0.45 Mohm and 1.15 
Mohm. 

Having obtained values for these R and C components, 
the next stage is to assign them to regions of the sample. The 
assignment is based on the magnitudes of the capacitances 
(Table 1). For a parallel plate capacitor with area A ,  separa- 
tion 1 between the plates and a medium of permittivity E‘ 

between the plates, the capacitance is given by Equation 3. 

A 
C = c ‘ e -  0 1  (3) 

where e, is the permittivity of free space, 8 . 8 5 4 ~  
F cm-’. For a material with unit cell constant (i.e. 

1/A = 1 cm-’) and a typical permittivity of - 10, a capaci- 
tance value of - 1 x lo -”  F is expected. Thus, this is a 
typical value for the bulk capacitance of a sample. The high 
frequency semicircle in Figure 1 has a capacitance of this 
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Fig. 1. a) Impedance data for Ca,,AI,,O,, presented in- the complex 
impedance plane format, Z vs Z' where Z* = Z - j  2 ,  j = 1/- 1, o = angular 
frequency 2nf. Selected frequency points, in Hz are marked. The equivalent 
circuit used to interpret the data is shown. It represents a series combination of 
crystal and grain boundary impedances. b) Temperature dependence of bulk 
and grain boundary conductivities for Ca,2A1,40,, . 

order and therefore, this semicircle and its associated resis- 
tance is attributed to the bulk properties of the sample. 

Table 1. Capacitance values and their possible interpretation. 

Capacitance IF] Phenomenon Responsible 

bulk 
minor, second phase 
grain boundary 
bulk ferroelectric 
surface layer 
sample-electrode interface 
electrochemical reactions 

In order to assign the second semicircle to a feature of the 
ceramic, it is essential to have a picture of an idealized ceram- 
ic with grains and grain boundaries and consider the factors 
which control the magnitude of the grain boundary 
impedance. The 'brickwork' model shown in Figure 2 repre- 
sents a ceramic composed of cube-shaped grains of dimen- 
sions I , ,  separated from each other by a boundary of  thick- 
ness I , .  For this idealized case, Equation 4 holds. This arises 

Fig. 2. Brickwork model of grain and grain boundary regions in a ceramic 
placed between metal electrodes. 

from the inverse relation between thickness and capacitance 
given by Equation 3. A wide variety of ceramic microstruc- 
tures occur in practice and it is found that the grain 
boundary capacitance usually lies in the range lo-" to 
lo-' F; the higher capacitances occur in materials that are 

well-sintered, with narrow intergranular regions. The lower 
capacitances are often found with poorly sintered samples 
that contain constriction resistances or narrow contacting 
'necks', between grains.['] For the case in Figure 1, the grain 
boundary capacitance is quite large, indicating a well-sin- 
tered sample. Nevertheless, the overall resistance of these 
narrow grain boundaries is 2-3 times greater than the resis- 
tance of the grains. 

2.2. Applications 

Results such as those shown in Fig. 1 a are useful for sever- 
al reasons: 
- to indicate whether the overall resistance of a material is 

dominated by bulk or grain boundary components 
- to assess the quality and electrical homogeneity of an elec- 

troceramic, since there is generally a link between sinter- 
ing/microstructure and AC response 

- to measure the values of the component resistances and 
capacitances. 

The temperature dependence of resistance is usually plot- 
ted in Arrhenius format, as shown in Figure I b  for the 
Ca,,AI,,O,, sample. 

Bulk and grain boundary effects are only two of a number 
of effects that can be studied by impedance spectroscopy. 
Some of these are listed in Table 1 and are characterized by 
their relative capacitance values. The distinction between 
components is usually fairly straightforward unless the ma- 
terial contains a ferroelectric component, with a typical bulk 
permittivity in the range lo3 to lo5.  In such cases, however, 
ferroelectric components are usually distinguishable from 
non-ferroelectric thin layer effects by the temperature depen- 
dence of their capacitances, as discussed later. 
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Surface layers are often found on electroceramics; a good 
example is provided by lithium silicate Although this 
transparent glass is apparently atmosphere-stable and water- 
insoluble, it does in fact form a hydrated/carbonated surface 
layer very quickly during cooling of the melt. This shows up 
in the impedance spectrum, Figure 3a, as an additional, 
poorly-resolved semicircle. A glass without this layer, 
Fig. 3 b, shows only one semicircle, corresponding to lithium 
ion conduction through the bulk of the glass and a nearly 
vertical, low frequency 'spike' representing charge build-up 
at the blocking metal electrodes. Using impedance spectros- 
copy, it is possible to study the conditions for formation/re- 
moval of the surface layer and the associated kinetics. 

,,I Li2Si205 GLASS 

la) 
SURFACE 

O.91 LAYER 
Z':Mohm C - l ~ l o - ~ F  

0 . 6 c  1 . ' \ ELECTRODE 
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Fig. 3. Impedance data for a lithium silicate glass (a) with, and (b) without the 
presence of a surface layer caused by atmospheric attack. Both data sets record- 
ed at 130 "C. 

The interface between sample and electrode is important 
for various reasons. One is that the impedance response can 
give information on the nature of the conducting species 
within the ceramic and in particular, whether conduction is 
by ions or electrons. Two different examples are shown in 
Figure 4. In (a), data for LiGaSiO, ceramic with metal elec- 
trodes take the form of a single semicircle with a capacitance 
of 2 x F.['O1 This may be interpreted in terms of the 
bulk response of the sample and a single parallel RC element. 
There is no sign in the data of a low frequency 'electrode 
spike'. It was concluded, therefore, that there was no 
impedance barrier to charge transfer between the metal elec- 
trode and the ceramic and that the conducting species were 
electrons. 

The opposite extreme arises when the sample-electrode 
interface is purely capacitive and no charge transfer occurs 

across the interface; a good example of this is lithium silicate 
glass with metal electrodes (Fig. 3 b). 

For the other example shown in Figures 4a and 4b, the 
electrode-sample interface is partially blocking. The sample 
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Fig. 4. Impedance data for (a) electronically conducting LiGaSiO, and (b, c) 
Ca,,AI,,O,,, an oxide ion conductor. 

is again Ca,,Al,,O,,, as in Figure 1. This time, the 
impedance data are recorded at higher temperatures. Conse- 
quently, the semicircle corresponding to the bulk impedance 
is out with respect to the frequency scale of the instrumenta- 
tion in both (b) and (c); the grain boundary semicircle is off 
scale in (c). In (b), three features are seen. The large semicir- 
cle corresponds to the grain boundary impedance, as in Fig- 
ure 1. The small, poorly resolved semicircle has an associated 
capacitance of 2.2 x F and is associated with electron 
transfer to and from the oxide ions at the electrode-ceramic 
interface. The value of the associated charge transfer resis- 
tance may therefore be determined. The low frequency spike 
inclined at 45" is associated with diffusion of oxygen 
molecules through the electrode. 

At higher temperatures (Fig. 4c) the charge transfer com- 
ponent becomes negligible and the inclined spike turns over 
in the form of a semicircle, indicating that the diffusion is 
through a layer of finite thickness. 

Results such as these are strongly indicative of the nature 
of the conducting species, therefore. They can also be used to 
monitor the kinetics of gas-solid reactions. Important areas 
of study are the redox reactions occurring at the electrodes in 
fuel cells, sensors and some catalysts. 
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2.3. Data Processing 

Most of the examples so far have been of ionically con- 
ducting ceramics in which the complex impedance plane rep- 
resentation, Z” vs Z’, is an appropriate method for present- 
ing the results. It is often the case, however, that alternative 
formalisms of data presentation can yield additional infor- 
mation that is not easily accessible from the impedance plane 
alone. Semiconducting ceramics such as donor-doped, fer- 
roelectric BaTiO, are a case in point.[”] These are electrical- 
ly inhomogeneous materials in which the grain boundary 
resistance may, in certain circumstances, dominate the over- 
all impedance. A single semicircle is then seen in the complex 
impedance plane (Fig. 5 a) which does in fact show a slight 
departure from ideality at high frequencies. If the same data 
are reprocessed and presented in the complex electric modu- 
lus, M*, formalism (Equation 5) where j = m, o = 

M* = jwC,Z* ( 5 )  

angular frequency 27rf and C, = eoA/l, then the response of 
both grain boundary and bulk regions may be seen. This is 
demonstrated most clearly in the form of spectroscopic plots 
of the imaginary components M” and Z” (Fig. 5 b). The Z” 
plot contains a single peak, corresponding to the semicircle 
in Figure 5a but the M“ plot shows two peaks. The higher 

frequency M” peak represents a bulk component of the sam- 
ple. 

The value of presenting data as both M“ and Z” spectro- 
scopic plots is that they give different weightings to the data 
and therefore, highlight different features of the sample. 
Thus, impedance plots pick out the most resistive elements in 
the sample, since the impedance peak height, Zkax, is equal 
to R/2 for that particular element. Modulus plots pick out 
those elements with the smallest capacitance since the M” 
peak maximum is equal to e,/2C for that particular element. 
In materials that are inhomogeneous and are represented by 
more than one RC element, the resulting M” and Z” spectra 
may look very different (as in Fig. 5 b). 

Plots such as Figure 5 b have been invaluable for charac- 
terizing barium titanate devices that show the PTCR (posi- 
tive temperature coefficient of resistance) effect; such devices 
are used in current overload protection devices. In particu- 
lar, it has been possible to separate the ferroelectric and 
non-ferroelectric components of an electrically inhomoge- 
neous material, by recording the temperature dependence of 
the capacitances (Fig. 5 c). Capacitance C, is temperature 
independent and pertains to the non-ferroelectric grain 
boundaries. Capacitance C,  shows a very marked tempera- 
ture dependence, increasing asymptotically towards the 
Curie temperature, T,  . It is therefore characteristic of a fer- 
roelectric material that is above the Curie temperature. This 

(Mohm) 
3.0 

1.5 

0 1.5 3.0 4,s 60 f 
Z’iMohm) R T = R ~  

-1 0 1 2  3 4 5 
log f (Hz)  

I l 

id) 
0 

/ 
I 

/ 
/ 

/ I  I 

Fig. 5. Impedance data for doped BaTiO,. The same data are 
used in (a) and (b) but are presented in different ways. Capac- 
itance data obtained from M“ peaks such as shown in (b) are 

0 100 Tc 200 300 400 loo 4 2oo 300 400 plotted against temperature in (c) and as a Curie-Weiss plot in 
TEMPERATURE (“C TEMPERATURE, ‘C (d). 
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is confirmed by presenting the data as a Curie-Weiss plot of 
reciprocal capacitance against temperature (Fig. 5 d). 

3. Single Crystal Studies 

Studies on single crystal materials have the advantage that 
grain boundary phenomena should be absent and a more 
detailed analysis of bulk properties may be made. A good 
example is LiTaO,, a ferroelectric material used for its non- 
linear optical properties. Impedance spectroscopy has al- 
lowed a detailed breakdown of its electrical properties, as a 
function of crystallographic orientation.['*] The equivalent 
circuits which were found to fit the data for the two crystal 
orientations with the electric field parallel and perpendicular 
to the polar c axis, are shown in Figure 6 (a, b) respectively. 
The temperature dependence of the component C and R 
values are shown in Figures 6c and 6d  for the parallel orien- 
tation and in Figure 6e  for the perpendicular orientation. In 
the ferroelectric orientation (6a), at temperatures below the 
Curie point, - 590 "C, the AC response of the sample indi- 
cates the presence of five components: 

(i) Capacitance C,  , corresponding to the overall permit- 
tivity of the sample. This is characteristic of the ferroelectric 
state below T,; it passes through a sharp maximum at T, 
(Fig. 6c). 
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(ii) Resistance R, , in series with capacitance C, . This rep- 
resents the resistance to reversal or switching of the ferroelec- 
tric domains. With increasing temperature, R ,  decreases 
more rapidly, with pronounced curvature towards T, 
(Fig. 6d). 

(iii) Capacitance C,  in parallel with resistance R , .  This 
represents the bulk polarization of the lattice and is largely 
independent of the ferroelectric domain structure. Its value is 
large for a bulkcomponent, 10-9-10-10 F, andisessentially 
temperature independent but shows a small increase on pass- 
ing through T,. 

(iv) Resistance R, in parallel with the other three elements 
R ,  , C, and C,. This represents the leakage resistance of the 
crystal which, in this crystallographic orientation is caused 
by migration of lithium ions. It gives a linear Arrhenius plot 
(Fig. 6d). 

(v) Capacitance C,, in series with the other four elements 
of the equivalent circuit. It corresponds to formation of a 
double layer at the crystal-electrode interface since the gold 
electrodes are blocking transport of Lie ions. Its value, 
N 2 x 

These results (i-v) represent a major advance over the 
analyses that were previously possible, which were essential- 
ly confined to measurements of the overall permittivity as a 
function of temperature (Fig. 6c). 

In the non-ferroelectric orientation (Fig. 6 b, e) the imped- 
ance response is very simple. The sample is predominantly a 

F, is a typical double layer value. 
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Fig. 6. Impedance data for LiTaO, single crystal. (a, 
b) equivalent circuits for voltage applied parallel and 
perpendicular to polar c axis, respectively. (c, d) C 

1.1 1.2 1.3 and R data for orientation (a). (e) R data for orienta- 
tion (b). 
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poor electronic semiconductor. The parallel capacitance val- 
ue, - 1 x lo-'' F, is typical of that for a non-ferroelectric 
solid. The AC response is represented by a single RC element 
therefore and the resistance gives a linear Arrhenius plot. 

The results obtained in the ferroelectric orientation 
provide, for the first time, a ready means of quantifying the 
difficulty of domain reorganization, in terms of the parame- 
ter R, . Since reversal of ferroelectric domains can be moni- 
tored by impedance spectroscopy, it seemed highly likely 
that, with appropriate measurements, magnetic domain re- 
organization could also be studied. This was indeed shown to 
be the case with a Ni, Zn ferrite ceramic sample.['31 

Results are shown in Figure 7 for the ferrite placed inside 
a coil of Cu wire. The AC response of the coil was measured 

T. OC 

0 
I I I 

0 50 100 150 
T, O C  

Fig. 7. Magnetic impedance data for a Ni, Zn ferrite showmg (a) equivalent 
circuit (b) temperature dependence of resistances, (c) temperature dependence 
of inductances. 

and analyzed to give information on the resistive and induc- 
tive properties of the ferrite. The equivalent circuit used to 
model the data is shown in Figure 7a  and the temperature 
dependences of the R, L components in Figure 7 b and 7 c. 
There are clearly two components to the overall inductance 
of the sample, both of which have a maximum value just 
below the Curie point. The associated resistances again rep- 
resent the resistance to domain reorganization and show a 
characteristic, nonlinear decrease to zero at the Curie tem- 
perature. 

Work on the characterization of such magnetic phenome- 
na has only just commenced but it is already clear that a 
wealth of information may be obtained by impedance spec- 
troscopy. Future developments are likely to involve the sep- 
aration and characterization of resonance/relaxation phe- 
nomena and the separation of these reversible effects from 
irreversible-effects associated with hysteresis at high magnet- 
ic fields. 

4. Conclusions 

This overview of impedance spectroscopy chooses various 
examples, taken from our laboratory, which illustrate the 
power and usefulness of the technique for characterizing a 
wide variety of materials and phenomena. Sometimes, the 
properties that are measured are of prime concern, as for 
instance, the bulk resistance of oxide ion conductors. In oth- 
er cases, we use the fact that materials have measurable elec- 
trical properties to allow us to study other phenomena such 
as corrosion or catalysis. 
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